We consider the Friedberg-Lee symmetry for the quark sector and show that the symmetry closely relates to both quark masses and mixing angles. We also extend our scheme to the fourth generation quark model and find the relation |V tb 
I. INTRODUCTION
flavor structures mentioned above. This paper is organized as follows. In Sec. II, we present the hierarchical FL symmetry.
In Sec. III, we break both FL and CP symmetries in order to generate light quark masses and the CP violating Dirac phase in the CKM matrix. In Sec. IV, we extend our model to the fourth generation case. We summarize our results in Sec. V.
II. HIERARCHICAL FRIEDBERG-LEE SYMMETRY
We start our discussion with the Lagrangian of the quark mass terms
where M u,d are up-and down-type quark mass matrices, which are assumed to be symmetric. The subscripts i, j = 1, ..., 3 stand for the family indices. For the Lagrangian, we impose the FL symmetry [10] 
where η q and ξ q are c-numbers, z q is a global Grassmann parameter and q = d, u. Because of the symmetry, the quark mass matrices take the form
where we have assumed that A q , B q , C q , η q , and ξ q are real. Hence, the theory is CP conserving. Also, the up and down quarks are massless because of the FL symmetry. In the next section, we will insert phase factors into the mass matrices to generate the light and
respectively. In this basis, we impose
We note that with Eq. (8), the down-type quark mass matrix becomes similar to the hybrid texture discussed in Ref. [17] . On the other hand, the up-type one is almost diagonal.
Since M u,d are real and symmetric matrices, they can be diagonalized by real orthogonal
with m u /m c ≃ η 2 u and m c /m t ≃ |ξ u | for the up-quark sector, and 
with λ ≃ 0.22. Therefore, in what follows, we consider the following hierarchical FL translation:
The minus signs in the up sector come from η u which is negative to reproduce realistic CKM elements. We note that although the up and down quarks are massless at this stage, and m d /m s ∼ λ 2 , respectively, when we introduce the symmetry breaking terms.
On the other hand, the parameters η q and ξ q can also be the origin of the tiny mixing angles of the CKM matrix. For instance, three elements of the CKM matrix can be estimated as
where we have used λ ≃ 4λ 2 . These results well coincide with the experimental values
, and θ 13 ≃ λ 4 mentioned in the Introduction. Namely, in our model, the flavor structures in the quark sector are explained by the hierarchical patterns of the symmetry. Hence, it is also easy to establish the relations between the masses and mixing angles, such as
via η d , and
via ξ d , respectively.
III. FL SYMMETRY BREAKING AND PARAMETER FITTING
In order to generate the light quark masses, the FL symmetry must be broken. Since we do not know the origin of the breaking, there may exist many possible ways to break the symmetry. Here, we aim at a minimal scheme and put phase factors into the mass matrices to break the FL and CP symmetries simultaneously as discussed in Ref. [10] .
That is, we replace Eqs. (6) and (7) as
respectively. Note that phase factors are added into {12}, {21}, {23} and {32} elements for each matrix. The phases θ 1 and φ 1 are responsible for the up-and down-quark masses.
If we regard (e iθ 1 − 1) and (e iφ 1 − 1) as perturbations, we obtain
as we expected. The phases θ 2 and φ 2 are added to account for the CP violating Dirac phase in the CKM matrix.
In the following, we will present our numerical analysis to illustrate our result. In our calculation, without loss of generality, we will normalize Eqs. (18) and (19) with B u,d = 1.
We will also ignore the terms associated with A u because they are suppressed by ξ u = λ 4 .
As a result, the model has three real parameters: A d and C u,d , and three CP violating phases: θ 1 and φ 1,2 . For these six parameters, we use the following experimental values from the Particle Data Group (PDG) [18] :
as input parameters. Figure 1 shows the allowed region in the |V us | − |V td /V ts | plane with the bounds [18] |V ub | = (3.57 − 4.29) × 10 −3 , |V td /V ts | = 0.202 − 0.216.
One can easily see from 
with B u,d = 1, which fill the gap between the exact values and expected ones estimated in the previous section.
IV. IMPLICATIONS FOR FOURTH GENERATION QUARK MODEL
In our scheme, quark masses and mixing angles are closely related with each other, such as those in Eqs. (16) and (17) . So, it should be interesting to extend our scheme to the fourth generation quark model and see whether there exist relations between the fourth generation quark masses and their mixing angles.
We extend the FL symmetry as
and the mass matrices Eqs. (6) and (7) as
and
respectively. Here, we again assume that
Note that we extend the model so that the mass matrices keep the features mentioned just behind Eq. (8) . Since a detailed analysis goes beyond the purpose of the paper, we would like to roughly study and try to figure out their implications. Both Eqs. (27) and (28) are diagonalized by real orthogonal matrices. One can easily find that ρ q determine the mass ratios of the fourth and third generation quarks:
where we have used η d = λ and ξ d = λ 2 . As one can see, the fourth generation quark mixing angles are directly related to the mass ration m b /m b ′ via ρ d . We note that the contribution of ρ u to the mixing angles is negligibly small compared with that of ρ d . To illustrate our implications, we substitute the lower bound of m b ′ , i.e., m b ′ > 199 GeV [18] , and the central value m b = 4.2 GeV [18] , into Eq. (30). Then we get ρ d < λ 2 and
It is interesting to see that |V tb ′ | and |V t ′ b | can be large, which could be measurable at the upcoming experiments like the LHC.
Finally, we briefly comment about CP violation. Although, in general, the discussion of CP violation in the fourth generation model is very complicated, in the chiral limit of m u,d,s,c = 0, CP violation is described by only one simple quantity [19] 
As discussed in Ref. [12] , the quantity may provide us useful information about the size of CP violation. By introducing the same phase factors discussed in Sec. III, we find that J 4 ≃ 10 −7 . Unfortunately, the result is much smaller than the SM Jarlskog invariant parameter J SM ≃ 10 −5 . Hence, the fourth generation model, in our scheme, cannot be the main source of the CP violating phenomena, such as the baryon asymmetry of the Universe [20] .
V. SUMMARY
We have studied the quark masses and mixing angles with the hierarchical FL symmetry. We have shown that the symmetry can explain the hierarchies in the quark masses and mixing angles at the same time. As a result, the masses and mixing angles are closely related with each other in our model. 
